The enteric nervous system (ENS) is composed of neurons and glia that modulate many aspects of intestinal function. The ability to use both forward and reverse genetic approaches and to visualize development in living embryos and larvae has made zebrafish an attractive model in which to study mechanisms underlying ENS development. In this chapter, we review the recent work describing the development and organization of the zebrafish ENS and how this relates to intestinal motility. We also discuss the cellular, molecular, and genetic mechanisms that have been revealed by these studies and how they are providing new insights into human ENS diseases.
I. Introduction
vasculature, immune cells, and the ENS. The teleost gut is generally similar to that of mammals, although it is somewhat simpler in overall architecture (Wallace et al., 2005 ) (see Fig. 1 ). For example, in zebrafish, the esophagus connects directly to the intestine without the presence of a stomach (Wallace et al., 2005) . The beginning of the intestine is defined by the insertion of the common hepatic-pancreatic duct and by digestive enzymes characteristic of the intestine (Wallace and Pack, 2003) . Even though there is no stomach, the anterior embryonic intestine is enlarged and may function as a food reservoir. This anterior intestinal region, known as the intestinal bulb, also has retrograde motility that differs from the predominantly anterograde propulsive motility observed in the posterior intestine (Holmberg et al., 2007) . The intestinal bulb also contains a few scattered goblet cells that produce both acid and neutral mucins (Ng et al., 2005) . Furthermore, the patterns of sox2, barx1, gata5, and gata6 expression in the anterior zebrafish intestine resemble those of the developing 6. Development of the Zebrafish Enteric Nervous System mammalian stomach (Muncan et al., 2007) and may allow this section of the gut to develop additional functions of storage and mixing of luminal contents. In addition to lacking a stomach, the structure of the zebrafish gut epithelium is simpler than that of amniotes. The zebrafish gut epithelium lacks crypts and is arranged in broad, irregular folds rather than forming villi (Ng et al., 2005; Wallace et al., 2005) . Zebrafish also lack a submucosa layer found in the guts of amniotes (Wallace et al., 2005) that contains a large amount of connective tissue and large blood vessels and lymphatics. The vascular tissue in the zebrafish intestine is found in the mucosa and the muscularis.
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In addition to host cells, the vertebrate gut is home to a vast consortium of microbial cells typically referred to as the gut microbiota (Cheesman and Guillemin, 2007; Kanther and Rawls, 2010) . The collective genome of the gut microbiota exceeds that of the host by several orders of magnitude and encodes critical digestive capacities absent from the host genome (Gill et al., 2006) , suggesting a crucial role for this coevolved community in intestinal development and function. The role of the microbiota in gut development has been investigated by rearing animals in a sterile environment and comparing them with conventionally reared animals. The importance of the microbiota in gut development has been revealed by studies in both mouse and zebrafish showing that in the absence of gut microbiota, programs of gut epithelial cell type specification and maturation are altered (Backhed et al., 2005; Bates et al., 2006) . Interestingly, one aspect of zebrafish gut function that is affected by the absence of the microbiota is motility (Bates et al., 2006) , raising the possibility that the gut microbiota influence the development of the ENS, although this has not yet been tested.
III. Early Development of the ENS
The zebrafish ENS, like that of all other vertebrates, is derived from the neural crest (Kelsh and Eisen, 2000) . In amniote vertebrates, both vagal and sacral neural crest contribute to the ENS (Furness, 2006) . In contrast, lineage studies in zebrafish suggest that the entire ENS is derived from vagal neural crest (Shepherd, unpublished data) . Consistent with the simpler structure of the zebrafish gut compared with amniotes, migration of neural crest cells along the zebrafish gut also appears simpler than that in amniotes. For example, in amniotes, neural crest-derived ENS precursors migrate caudally along the developing gut in multiple chains that follow complex and unpredictable trajectories (Druckenbrod and Epstein, 2005; Young et al., 2004) . In zebrafish, neural crest-derived ENS precursors migrate from the vagal region to the anterior end of the gut primordium, associate with it, and then migrate as two parallel chains of cells along the length of the developing gut ( Fig. 2 ) (Elworthy et al., 2005; Olden et al., 2008; Shepherd et al., 2004) . Subsequently, ENS precursors migrate circumferentially around the gut and differentiate into enteric neurons and glia. The final organization of the zebrafish ENS is also simpler than that of amniotes, which have two distinct layers of enteric ganglia, the submucosal 6. Development of the Zebrafish Enteric Nervous System and the myenteric (Fig. 1) . Zebrafish lack submucosal ganglia, and myenteric neurons are typically arranged as single neurons or neuron pairs (Wallace et al., 2005) . How the pattern of ENS precursor migration is determined is currently unknown, although recent studies in avians and zebrafish suggest that vascular endothelial cells may be involved in this process (Nagy et al., 2009) .
IV. Genetic Approaches to Studying ENS Development
Unbiased forward mutant screens provide an important methodology for identifying genes involved in a process of interest (Grunwald and Eisen, 2002) . Several such screens have now revealed many genes involved in zebrafish ENS development. colourless, one of the first ENS mutants to be isolated, results from a lesion in the sox10 gene (Dutton et al., 2001; Kelsh and Eisen, 2000) , which was already known to be important in ENS development in mammals (Southard Smith et al., 1998) . Zebrafish screens have also identified other mutations in genes not previously associated with ENS development (Chen et al., 1996; Schilling et al., 1996) , for example, the DNA polymerase delta 1 mutant flathead (pold1), the elys nucleopore assembly protein mutant flotte lotte (ahctfi) and the rpc2, and RNA polymerase III subunit mutant slim jim (polr3b) (Davuluri et al., 2008; de Jong-Curtain et al., 2008; Plaster et al., 2006; Wallace et al., 2005; Yee et al., 2007) . All of these mutants have pleiotropic phenotypes and thus they were not identified based on ENS defects. Nonetheless, these studies contribute to our knowledge about gut development and offer the potential to help dissect the genetic basis of human intestinal disorders.
Two screens have specifically focused on identifying mutations affecting the ENS (Kuhlman and Eisen, 2007; Pietsch et al., 2006) . In both cases, mutants were identified by a change in the number or distribution of enteric neurons as revealed by labeling with an antibody to Elavl3 (previously known as HuC/D), a pan-neuronal protein expressed in differentiated neurons. The screen conducted by Pietsch and colleagues isolated 6 mutations and the screen conducted by Kuhlman and Eisen isolated 13 mutations. The majority of mutants isolated in both screens (15 of 19 mutants) have pleiotropic phenotypes; however, Kuhlman and Eisen identified four mutants that appear to affect the ENS specifically. The majority of mutants isolated in both screens (16 of 19 mutants) have a decrease in the number of enteric neurons along the entire length of the intestine; however, Kuhlman and Eisen identified three mutants in which enteric neurons are restricted to the anterior region of the gut. Identifying the genes that underlie these mutant phenotypes should provide important new insights into the molecular mechanisms involved in ENS development.
The genes responsible for two of the mutations identified in the screen conducted by Pietsch and colleagues have now been determined. One of the mutations is an allele of the previously identified DNA polymerase delta 1 mutant flathead (Plaster et al., 2006) . The other mutant, lessen, is a null mutation in the med24 (previously known as trap100) gene (Pietsch et al., 2006) . Med24 is a component of the mediator cotranscriptional activation complex previously shown to have an essential role in mouse embryogenesis (Ito et al., 2002) . The med24 null mutant mouse has a placental defect that causes early embryonic lethality, thus no ENS phenotype has been reported. The zebrafish med24 mutant ENS phenotype results from a defect in ENS precursor proliferation after these cells reach the intestine. Surprisingly, Med24 is not expressed in ENS precursors but instead is expressed in the intestinal endoderm. Genetic chimera analysis revealed that wild-type endoderm could rescue the mutant phenotype when transplanted into med24 mutants, suggesting that an endoderm-derived or endoderm-regulated factor has an altered expression in med24 mutants, and that the change in expression of this factor is responsible for the ENS phenotype (Pietsch et al., 2006) .
V. Molecular Mechanisms of ENS Development
Despite developmental and architectural differences between the ENS of zebrafish and that of amniote vertebrates, most of the molecular mechanisms underlying ENS development are conserved among species. For example, signaling through the RET receptor tyrosine kinase is critical for ENS development in both amniotes and zebrafish. ret mRNA is expressed in ENS precursors and differentiating neurons in the developing zebrafish gut (Bisgrove et al., 1997; Marcos-Gutierrez et al., 1997; Shepherd et al., 2004) . As in other vertebrate species, zebrafish have two ret isoforms (ret9 and ret51), of which ret51 is unnecessary for complete colonization of the gut by ENS precursors (Heanue and Pachnis, 2008) . RET acts together with GFRa, a member of the family of GPI-anchored cell surface receptors, to form a receptor complex that mediates signals of the GDNF neurotrophic factor family (Airaksinen and Saarma, 2002) . The role Gfra in development of the zebrafish ENS was tested using morpholino antisense oligonucleotides to create morphants lacking one or more Gfra orthologues. Morpholino-mediated knockdown of the two orthologues of Gfra1 results in complete loss of ENS neurons and their precursors (Shepherd et al., 2004) . However, morpholino-mediated knockdown of Gfra2 has no apparent effect on ENS development, at least through the first few days of development (Shepherd, unpublished data) . Whether this gene functions later in ENS development has not been addressed. Similar to knockdown of Ret and Gfra1, knockdown of GDNF also results in complete loss of zebrafish ENS neurons and their precursors (Shepherd et al., 2001) . Two other GDNF family members, Neurturin and Artemin, are reported to be present in zebrafish by immunoreactivity, although whether they function in zebrafish ENS development is unknown (Lucini et al., 2004 (Lucini et al., , 2005 . Interestingly, the Endothelin signaling pathway, which interacts with the RET signaling pathway during the development of the ENS in mammals and avians (Landman et al., 2007) , may not be required for zebrafish ENS development because a mutation that perturbs the function of the Endothelin receptor, Ednrb1, does not result in an ENS phenotype in zebrafish (Parichy et al., 2000) .
In addition to Ret signaling, the function of several transcription factors identified in mouse and avian as potential regulators of Ret expression has also been 6. Development of the Zebrafish Enteric Nervous System tested in zebrafish ENS development (Burzynski et al., 2009) . Mutants lacking Sox10 (Dutton et al., 2001; Kelsh and Eisen, 2000) or Foxd3 (Montero-Balaguer et al., 2006; Stewart et al., 2006) lack an ENS, as do zebrafish in which Phox2b (Elworthy et al., 2005) or Pax3 (Minchin and Hughes, 2008) has been knocked down with morpholino antisense oligonucleotides. In addition to characterizing animals in which genes have been mutated or transiently knocked down, the regulatory regions of the ret, phox2b, and sox10 genes have been analyzed Dutton et al., 2008; Fisher et al., 2006; McGaughey et al., 2008) .
VI. ENS Differentiation
There are many different types of enteric neurons, including motor neurons, interneurons, and intrinsic primary afferent (sensory) neurons. Each of these classes can be further subdivided based on neuronal morphology, physiology, and biochemistry. Extensive immunohistochemical analysis in amniotes has revealed that each ENS neuron expresses several different neurotransmitters, and the chemical coding hypothesis posits that the combinatorial expression of these neurotransmitters can be used to functionally define each neuronal class (Furness, 2006) . Studies from a number of different laboratories indicate that, similar to amniotes, both excitatory and inhibitory neurotransmitters are expressed by neurons in the zebrafish ENS. Thus, enteric neurons expressing pituitary adenylate cyclase-activating polypeptide (PACAP), vasoactive intestinal polypeptide (VIP), calcitonin gene-related polypeptide (CGRP), nitric oxide (NO), neurokinin-A (NKA), substance P, acetylcholine, and serotonin have all been reported (Holmberg et al., 2003 (Holmberg et al., , 2004 (Holmberg et al., , 2006 Kuhlman and Eisen, 2007; Olden et al., 2008; Olsson et al., 2008; Pietsch et al., 2006; Poon et al., 2003) . Knowledge of the precise chemical coding of the embryonic, larval, and adult zebrafish ENS does not currently exist, nor is there a detailed description of the morphologies of the different types of zebrafish enteric neurons. However, a recent study has significantly advanced our understanding of chemical coding in the zebrafish ENS by carefully detailing the proportions of neurons expressing specific neurotransmitters, neurotransmitter synthetic enzymes, and downstream signaling components and how these proportions change over time (Uyttebroek et al., 2010) . In addition, this study examined coexpression of several different neurotransmitters, neurotransmitter synthetic enzymes, and downstream signaling components (Fig. 3) including VIP, PACAP, neuronal nitric oxide synthase (nNOS), choline acetyltransferase (ChAT), calbindin (CB), calretinin (CR), and serotonin (Uyttebroek et al., 2010) . The distribution and timing of the appearance of these markers in the developing zebrafish ENS is comparable to that seen in amniotes. This information, combined with a detailed analysis of neuronal morphology, will shed considerable light on ENS circuitry in the zebrafish.
VII. Regulation of Gut Motility
Intestinal motility arises from coordinated activity of three different cell populations, the ENS, interstitial cells of Cajal (ICCs), and gut smooth muscle (Furness, 2006; Rich et al., 2007) . The ability to image motility directly in living zebrafish larvae (Holmberg et al., 2003 (Holmberg et al., , 2004 (Holmberg et al., , 2006 (Holmberg et al., , 2007 Kuhlman and Eisen, 2007) has revealed the complexity of gut motility patterns in vivo. The first spontaneous contractions appear in the zebrafish gut at about 3.5 days postfertilization (dpf) (Kuhlman and Eisen, 2007) , well before the onset of feeding at 5-6 dpf 6. Development of the Zebrafish Enteric Nervous System (Olsson et al., 2008) . The earliest contractions are focal, but begin to propagate along the intestine by 4 dpf and the regularity of contractions increases over the next several days (Holmberg et al., 2006 (Holmberg et al., , 2007 Kuhlman and Eisen, 2007) . Before larvae begin to feed, regular anterograde and retrograde contractions spread from a common point in the middle intestine. Retrograde contractions in the anterior intestine may mix food, as a compensation for the absence of a stomach, whereas posterior contractions appear to be primarily propulsive. The posterior most portion of the gut also propagates short contraction waves in both directions (Holmberg et al., 2004) .
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ENS cells expressing neuronal markers are first detected at approximately 2 dpf in the zebrafish intestine (Holmberg et al., 2003 (Holmberg et al., , 2006 Holmberg, 2003; Kelsh and Eisen, 2000) , which is prior to the onset of gut motility. The number of enteric neurons increases rapidly over the next 3 days, a time during which gut smooth muscle is also differentiating (Holmberg, 2003; Olden et al., 2008; Olsson et al., 2008; Seiler et al., 2010; Wallace et al., 2005) . Elegant work from the Holmberg lab has shown that although excitatory cholinergic tonus and inhibitory nitergic tonus are present in the zebrafish gut from the onset of feeding (Holmberg et al., 2004 (Holmberg et al., , 2006 , the spontaneous gut contractions seen at 4 dpf are not initiated by intrinsic or extrinsic neuronal innervation (Holmberg et al., 2007) . Instead, the ENS has been suggested to have an increasingly important role in modulating intestinal activity late in development, after the onset of feeding behavior (Holmberg et al., 2007) . Consistent with this idea, recent work from the Pack lab provides evidence for zebrafish intestinal motility in the absence of innervation (Davuluri et al., 2010) . Motility of the zebrafish gut in the absence of ENS function parallels the situation in mouse Ward et al., 1999) and human (Huizinga et al., 2001) in which gut motility can develop in the absence of the ENS. In fact, recent studies in mouse also reveal that the earliest gut contractions are not mediated by the ENS (Roberts et al., 2010) . Despite this, and consistent with the idea that the ENS modulates intestinal activity, the regularity of gut contractions in zebrafish appears to roughly correlate with the number of neurons in gutwrencher mutants. These mutants have a decreased number of ENS neurons along the entire length of the intestine and there is an associated decrease in the regularity of gut contractions (Kuhlman and Eisen, 2007) (Fig. 4) . However, whether ICCs or gut smooth muscle are also affected in this mutant has not been determined.
The initiation of spontaneous gut contractions in zebrafish could be mediated by ICCs. ICCs prominently express the Kit receptor tyrosine kinase and are mesodermal in origin (Lecoin et al., 1996) , being derived from the same precursors as intestinal smooth muscle cells (Young, 1999) . ICCs generate pacing signals that drive contraction of gut smooth muscle and coordinate neuronal input (Furness, 2006) . This cell type is present in zebrafish, although ICCs have not been detected at stages prior to 7 dpf using Kit antibody staining (Rich et al., 2007) , thus it is currently unknown precisely when these cells develop in zebrafish. However, like the ENS, ICCs are dispensable for the earliest gut motility in mouse, thus Young and her colleagues suggest that the earliest gut contractions are likely to be myogenic (Roberts et al., 2010) . Neither ICC activity nor myogenic activity of the gut musculature has been studied in zebrafish, leaving open the question of the origin of the earliest contractions. A more complete analysis of ENS function will require developing techniques to record electrophysiologically from ENS neurons, ICC cells, and intestinal muscles.
VIII. Zebrafish ENS as a Model for Understanding Human Diseases
Functional disorders of the human intestine have an enormous impact on the quality of life and extract a high societal cost (Gershon, 2010) . Most prevalent 6. Development of the Zebrafish Enteric Nervous System among these and the focus of most research is Hirschsprung's disease (HSCR), the major human congenital disorder affecting the intestinal tract (Burzynski et al., 2009; Gershon, 2010) . HSCR pathology is characterized by the absence of enteric ganglia in a distal segment of the gut, resulting in tonic contraction of the aganglionic segment and intestinal obstruction. Only about 30% of HSCR cases are familial, whereas about 70% of HSCR cases occur as an isolated trait. In the majority of families exhibiting such nonsyndromic HSCR, disease transmission displays complex inheritance patterns, thus nonsyndromic HSCR is assumed to be a multifactorial disorder (Amiel et al., 2008; Badner et al., 1990) . Studies from a number of different groups have shown that mutations in the RET coding sequence account for about 50% of familial and 15-20% of sporadic cases of HSCR (Burzynski et al., 2009 ). Mutational analysis shows that genes that interact with RET, such as sox10, gdnf, and phox2b, are also HSCR loci. Thus, studies of these genes in zebrafish, as well as new genes identified in mutant screens, should provide important insights into the mechanisms underlying this devastating human disease.
HSCR is also manifested as one phenotype of other diseases. For example, patients with Mowat-Wilson syndrome exhibit HSCR as well as craniofacial dysmorphology and other defects. Mutations in the gene encoding the Sip1 transcription factor are implicated in Mowat-Wilson syndrome in humans. Recent work has shown that morpholino-mediated knockdown of the two zebrafish orthologues of human SIP1 results in loss of enteric precursors in the intestine and a HSCR-like phenotype , paving the way for future studies that will shed more light on the mechanisms underlying this disease.
HSCR is also a part of the clinical phenotype of Goldberg-Shprintzen Syndrome (GOSHS), another rare genetic disorder that is characterized by central nervous system and ENS defects and craniofacial abnormalities. This syndrome is caused by null mutations in Kif1-binding protein (KBP; also known as KIAA1279) -a protein whose precise biological function is unknown (Brooks et al., 2006) . Surprisingly, a zebrafish kbp null mutant does not exhibit any of the clinical phenotypes associated with the disease condition (Lyons et al., 2008) . However, a recent study revealed that KBP interacts with the stathmin-like protein Stmn2 (previously known as Scg10) both in a yeast two-hybrid assay and in vivo. The yeast two-hybrid study used mouse KBP to screen a mouse cDNA library; subsequently, the interaction between KBP and Stmn2 was confirmed by immunoprecipitation. To determine whether kbp and stmn2 interact genetically, an epistasis experiment was undertaken in zebrafish. This experiment revealed an interaction between these two genes by morpholino-mediated knockdown (Alves et al., 2010) ; aspects of the double morphant phenotype are similar to the GOSHS clinical phenotype. This study in zebrafish provides new insights into the cellular mechanisms underlying GOSHS by suggesting that the central nervous system and ENS phenotypes of this disease result from disruption of the normal microtubule dynamics in neurons requiring Stmn2.
In addition to enhancing our understanding of the known HSCR-related genes, recent studies in zebrafish have provided novel insights into another disease, BardetBiedl syndrome (BBS). BBS is a pleiotropic syndrome that combines facial dysmorphogenesis and HSCR. Perturbing the function of zebrafish bbs8, one of the genes associated with this syndrome results in craniofacial and ENS defects that mirror those in human patients and mouse models and result from aberrant migration of cranial neural crest cells (Tobin et al., 2008) . Because noncanonical Wnt signaling is known to regulate cranial neural crest migration (De Calisto et al., 2005) , the authors of this study knocked down Wnt signaling in zebrafish and found a neural crest migration defect similar to that seen in bbs8 morphants (Tobin et al., 2008) . They also tested the potential involvement of Hh signaling, which is known to be important for patterning neural crest cells during craniofacial development (Tapadia et al., 2005) . They found that Hh signaling was perturbed and they were able to place bbs8 within the Hh signaling pathway (Tobin et al., 2008) . In independent studies, Hh signaling was also shown to be essential for ENS development by acting as a potent mitogen for zebrafish ENS precursors (Reichenbach et al., 2008) and to control neural crest cell proliferation and differentiation by modulating responsiveness of cultured mouse neural crest cells to GDNF (Fu et al., 2004) . Together these studies provide important new insights into BBS by revealing a potential link between the HSCR phenotype of BBS patients, Hh signaling, and RET signaling.
IX. Future Prospects
ENS development is a complex process involving specification, proliferation, migration, survival, and differentiation of neural crest cells and their derivatives, which must finally form circuitry that regulates motility and other intestinal functions. Studies in a variety of models including mammals, avians, and zebrafish have provided an excellent base of knowledge for understanding these processes; however, many of the cellular and molecular mechanisms are as yet unresolved. The conservation of mechanisms across species coupled with the ability to perform both forward and reverse genetic screens, to follow development of individual cells or cell populations in living embryos and larvae, and to characterize intestinal motility in living animals have made zebrafish an attractive model in which to study basic mechanisms of ENS development. These studies will certainly be enhanced by learning more about zebrafish ENS circuitry.
Although HSCR has been the primary focus of research on human ENS-related disorders, there are likely to be other, as yet unrecognized, disorders that cause abnormal ENS development and result in abnormal ENS function (Gershon, 2010) . At least some of these disorders may arise late in development as a result of failure to elaborate the appropriate lineages of enteric neurons or glia (Gershon, 2010) . The experimental tractability of zebrafish including the ability to follow cell lineages in real time in living embryos and larvae has the potential to reveal cellular and genetic interactions involved in these later processes.
As well as providing new information about the molecular underpinnings of diseases affecting the human ENS, zebrafish may be useful to study physiological 6. Development of the Zebrafish Enteric Nervous System processes in real time. For example, a recently devised screen for intestinal motility based on ingestion and clearing of fluorescent food (Field et al., 2008) should enhance the ability to identify and characterize genes affecting gut motility. Learning to record electrophysiologically from zebrafish ENS neurons in living embryos and larvae will also provide a clear advance to understanding the mechanisms by which the ENS regulates intestinal function, and will provide an important new methodology for characterizing ENS mutants. Motility and other aspects of ENS and gut function are regulated by the neurotransmitter, serotonin. In addition to being present in some ENS neurons, serotonin is produced by enterochromaffin cells in the gut epithelium, and drugs that alter 5HT-4 and 5HT-3 serotonin receptors have become major therapeutic agents for a variety of intestinal tract malfunctions, including irritable bowel syndrome (Gershon and Tack, 2007) . A recent study using differential pulse voltammetry with implantable carbon-fiber microelectrodes to monitor changes in serotonin levels in the zebrafish intestine in vivo (Njagi et al., 2010) opens the door to studying serotonin actions in relation to location and numbers of particular receptors in specific intestinal regions of living animals. Finally, intestinal diseases such as irritable bowel syndrome and inflammatory bowel disease alter gut motility and can also affect enteric neuron function (Furness, 2006; Lomax et al., 2005) . These diseases may result from dysregulation of the intestinal microbiota (Baker et al., 2009; Cheesman and Guillemin, 2007; Furness, 2006; Salonen et al., 2010) ; thus, it is crucial to understand how the microbiota influence ENS function, and whether they also play a role in the later aspects of normal ENS development or homeostasis.
